Two DNA polymerases have been purified from blood lymphocytes of normal human individuals. In contrast to a DNA polymerase isolated from lymphoblasts from individuals with leukemia, neither of the DNA polymerases from normal lymphocytes transcribes the heteropolymeric regions of tumor-virus RNA into DNA.
Interest in DNA polymerases as potentially key enzymes in neoplastic transformation of human cells has intensified since the discovery of RNA-directed DNA polymerase in RNA tumor viruses (1, 2) . This enzyme is probably necessary for neoplastic transformation of cells by RNA viruses (3)4). As a part of his protovirus theory (5), Temin has postulated additional roles for DNA polymerases that can transcribe RNA into DNA; specifically, such enzymes are envisioned to function in information transfer (a) within and between normal cells during critical periods of embryogenesis and (b) even in specialized adult cells (5) , e.g., immunologically competent cells. An exhaustive search of carefully chosen normal cells for RNAdirected DNA polymerase is therefore one test of this theory. DNA polymerases from normal cells are intrinsically interesting for other reasons. (a) Transformation by RNA tumor viruses requires mitosis (6) , which presumably requires DNA polymerases of normal cells. (b) These enzymes may be targets for clinically useful anticancer compounds (7) . Ah approach to selective chemotherapy may be possible if and when differences between enzymes from normal and neoplastic cells are fully understood. (c) In addition to reversal of transcription, infidelity of DNA replication is another pathway to carcinogenesis that could involve altered cellular DNA polymerases (8) . For these reasons we have undertaken a systematic comparative study of DNA polymerases from fresh (uncultured) human normal and neoplastic cells. In this paper, we describe the purification and properties of two soluble DNA polymerases from normal blood cells.
Normal human-blood lymphocytes stimulated for three days in vitro with phytohemagglutinin were chosen for study for reasons outlined in ref. 9 . These cells appear to be the best available normal control for human leukemic lymphoblasts. In addition, lymphocytes are immunologically competent cells; reversal of information flow (RNA-*.DNA) might more likely occur in such cells than in other proliferating adult tissues (5) .
MATERIALS AND METHODS
Lymphocytes. Human-blood lymphocytes were obtained by phlebotomy from normal subjects, purified, and stimulated for Abbreviations: S2threitol, dithiothreitol. 72 hr with phytohemagglutinin as described (10) . Lymphocytes were stored up to 4 months at -700 before use.
Template-Primers. Partially degraded ("activated") salmonsperm DNA was prepared according to the method of Schlabach et al. (11) . Heat-denatured DNA was prepared by heating native salmon-sperm DNA to 1000 for 5 min and rapidly cooling on ice. (dA).* dT~o, (A)n,. dT12.18, (dT)t -(A)n, (A)n,*(-J)Ma and (C)n dG12.w8 were obtained from commercial sources. 70S RNA from avian myeloblastosis virsus was purified as described (12 (8-8.5 ). The pellet (P-8.5) was suspended in 40 ml of Tris-dithiothreitol-EDTA buffer with 10% glycerol and 0.5% Triton X-100, and sonicated until all nuclei were ruptured. The supernatant (S-8.5) was centrifuged at 41,000 X g for 30 min for removal of lysosomes. The supernatant (S-41) was stirred with slow addition of Triton X-100 to a final concentration of 0.5% (v/v) and Table 1 for details of purification and enzyme assay.
* Activity was not proportional to input of protein.
combined with the sonicate of P-8.5. The mixture was centrifuged at 100,000 X g for 1 hr. The supernatant (S-100; fraction 1) was absorbed to a 2.5 X 35-cm column of DEAEcellulose equilibrated with Tris-S2 threitol-EDTA-glycerol buffer. The column was washed with 400 ml of the same buffer, and 800 ml of a linear gradient of NaCl in buffer, from 0 M to 0.3 M, was attached. Fractions of 8 ml were collected and assayed for DNA polymerase activity as described below. For purification of DNA polymerase II (Table 2) , typically 5 g of packed lymphocytes were homogenized as above and the suspension was adjusted to 0.8 M KCl and 10% glycerol. After stirring for 8 hr at 40, the suspension as centrifuged at 48,000 X g for 15 min. The pellet was extracted again once with 10 ml of Tris-S2threitol-EDTA-glycerol buffer with 0.8 M KCl. Supernatants were combined, centrifuged at 100,000 X g for 1 hr and dialyzed for 8 hr against Tris-S2threitol-EDTA-glycerol buffer. This extract (fraction 1; S-100) was passed through a 3.5 X 10-cm column of DEAE-cellulose equilibrated with Tris-S2threitol-glycerol buffer, and batches were washed with the same buffer with 0.3 M KCl. The peak of material absorbing at 280 nm was collected and dialyzed for 4 hr against 20 -volumes of Tris-S2threitol-glycerol buffer. This material (fraction 2; DEAE batch) was chromatographed on a phosphocellulose column as described in the legend to Fig. 1 (14) (15) (16) (17) . One of these enzymes, probably localized in the nucleus, apparently is extracted and solubilized most efficiently with buffers of high ionic strength. Since our initial purpose was to obtain as many species of DNA polymerase as possible, without attempting subcellular localization of these enzymes, we homogenized intact cells in a buffer of high ionic strength. The separation and partial purification of two DNA polymerases from these cells is summarized in Tables 1 and 2 and Figs. 1 and 2 . After homogenization and centrifugation, nucleic acids were removed by chromatography on DEAE-cellulose. Phosphocellulose chromatography (Fig. 1 ) then resolved two peaks of DNA polymerase activity that eluted with 0.22 M KCl (DNA polymerase I) and 0.45 M KCl (DNA polymerase II), respectively*. The peak fractions were pooled, concentrated, and chromatographed separately on a column on "Sephadex G-200" ( Fig. 2A and B) . The elution volumes of these enzymes suggest a molecular weight of about 160,000 for DNA polymerase I and 30,000 for DNA polymerase II.
Maximum overall purification achieved was 220-fold for DNA polymerase I and 290-fold for DNA polymerase II.
Yield for each enzyme was about 10%. Although simultaneous extraction of both DNA polymerases was possible by use of extraction buffers of high ionic strength ( Table 2 ; Fig. 1 (Fig. 3A) . The relative sizes of these two peaks change with ionic strength of the sucrose gradient, suggesting that the faster-sedimenting peak is a dimer of the slower-sedimenting peak. DNA polymerase II (fraction 3) migrates at about 3.3 S [in close agreement with values obtained by Chang and Bollum (16, 17) (Fig. 3B) ], corresponding to a molecular weight of 30,000. A faster peak migrating at about 7 S is present when the gradient fractions * These enzymes are designated DNA polymerase I and DNA polymerase II based on their order of selution from phosphocellulose. We do not mean to imply a similarity to DNA polymerases I and II from Escherichia coli, nor are we following the nomenclature of Weissbach et al. (15) , who named two DNA polymerases from a HeLa cell line by order of their elution from DEAE-cellulose. are assayed under conditions favoring activity of DNA polymerase I (system A) (Fig 3B) . This peak probably represents DNA polymerase I contaminating the material applied to the gradient. Thus, molecular weight determinations by "Sephadex G-200" chromatography and velocity centrifugation are in close agreement: 150,000-160,000 for DNA polymerase I, and 30,000 for DNA polymerase II.
The order of elution of DNA polymerase I and II from phosphocellulose columns suggests that DNA polymerase II is more basic than DNA polymerase I. This presumption has been confirmed by electrofocusing of a mixture of these '25 Bollum has recently found that mammalian DNA polymerases from several sources sedimenting at 6-8 S are antigenically cross-reactive with mammalian DNA polymerases sedimenting at 3.3 S (19). Two DNA polymerases from normal human lymphocytes stimulated by phytohemagglutinin share this cross-reactivity (19) . Thus, DNA polymerases I and II described above may contain common polypeptide regions, in spite of overall physicochemical differences.
Use of DNA as template/primers We found that of several template/primers, activated DNA (11) in the presence of magnesium stimulates maximum activity of DNA polymerase I, while (dA). dTjo in the presence of manganese stimulates maximum activity of DNA polymerase II (Tables 3 and 4 ). Chang and Bollum reported similar template/primer preferences for two DNA polymerases isolated from rabbit bone marrow (16) . In the presence of manganese, activities of DNA polymerase I and II are doubled by lowering the reaction temperature to 300 when (dA)" -dT1o is used as template/primer.
These two DNA polymerases accept various other DNA template/primers (Table 3) . Both enzymes prefer activated to native or denatured DNA, as was reported for other partially purified mammalian DNA polymerases (14) . No-DNA template/primer is specifically accepted by only one of these enzymes.
With activated DNA as template, both of these DNA polymerases incorporate significant quantities of deoxynucleotides into DNA even when only one deoxynucleotide is present ( Table 3) . Synthesis in the absence of one or more dNTP has been noted with other highly purified mammalian DNA polymerases (11, 20, 21 (22) (23) (24) (25) (26) . Table 4 shows that several RNA-containing template/ primers are transcribed by DNA polymerases I and II from normal blood lymphocytes. Particularly in the presence of manganese, the synthetic oligomer* homopolymeric hybrid (Table 4) . Incorporation of dTMP alone implies that the reaction is limited to transcription of the tracts of poly(A) found in both messenger RNA (27) and in 70S RNA from tumor viruses (28, 29 Lymphocyte DNA polymerases I and II prefer (dA)n dTjo as template/primer over (A)n-dT12_18 in the presence of magnesium (Table 4) . These enzymes share this preference with other DNA polymerases from normal cells (30) (31) (32) 12) . When manganese is substituted for magnesium, however, synthesis with (A)0-dT,12,1 increases (Table 4 ; System B). It is important to note that viral RNA-directed DNA polymerase displays a preference for (A).n dT12.18 over (dA)n * dT12_,8 even in the presence of magnesium (31, 12) . Note that in contrast to the viral RNA-directed DNA polymerase, neither lymphocyte DNA polymerase I nor II can use (C)0 -dG12 as template (Table 4) in the presence of magnesium.
The possibility was considered that inactivity of 70S viral RNA as template/primer could have been due to hydrolysis by endoribonucleases contaminating the DNA polymerases (see above). Mixing of each of these lymphocyte DNA polymerases with purified viral RNA-directed DNA polymerase failed to diminish transcription of 70S viral RNA by the latter enzyme. Thus, we regard as unlikely this trivial explanation for failure of lymphocyte DNA polymerases to transcribe 70S RNA.
A DNA polymerase has been found in blood lymphoblasts from individuals with acute leukemia that, unlike lymphocyte DNA polymerases from normal individuals, transcribes 70S viral RNA (35) . The polymerase from lymphobtasts of individuals with leukemia transcribes the heteropolynieric regions of this template/primer. This property of the enzyme from individuals with leukemia clearly distinguishes it from the DNA polymerases from lymphocytes of normal individuals that do not transcribe heteropolymeric RNA (see above). Also, in contrast to both normal-lymphocyte DNA polymerases, the DNA polymerase from leukemic cells displays a greater relative preference for (A) n dT12-,8 (in the presence of magnesium) than for (dA)n dTjo, and can use (C)n dG12 as a template/primer (35) .
Failure to locate in normal lymphocytes an enzyme or enzyme-nucleic acid complex that transcribes exogenous RNA into DNA does not negate Temin's protovirus hypothesis (5) , since (a) trivial reasons, such as enzyme instability during purification may account for failure to locate such an enzyme; (b) additional factors or subunits might modify the behavior of these DNA polymerases in the intact cell; or (c) this cell type (from adult fresh tissue) may not contain an RNA-directed DNA polymerase, while other normal cells, e.g., from embryonic tissue, might contain such an enzyme. In fact, the essential component of the protovirus theory is the presence of enzyme activity in embryonic tissues at some stage of development (5) . Finally, (d) the hypothetical RNA-directed DNA polymerase from protovirus may have a strict requirement for its own endogenous RNA template.
